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The ATLAS Collaboration
This Letter presents a search for pair production of heavy down-type quarks decaying via b′ →
Wt in the lepton + jets channel, as b′b¯′ → W−tW+t¯ → bb¯W+W−W+W− → l±νbb¯qq¯qq¯qq¯. In
addition to requiring exactly one lepton, large missing transverse momentum and at least six jets,
the invariant mass of nearby jet pairs is used to identify high transverse momentum W bosons.
In data corresponding to an integrated luminosity of 1.04 fb−1 from pp collisions at
√
s = 7 TeV
recorded with the ATLAS detector, a heavy down-type quark with mass less than 480 GeV is
excluded at the 95% confidence level.
PACS numbers: 12.60.-i, 13.85.Rm, 14.65.-Jk
A fourth generation of chiral quarks is a natural exten-
sion to the Standard Model (SM). It can explain some
discrepancies observed in meson-mixing data and can
provide an additional source of CP violation in Bs de-
cays. A review of theoretical and experimental motiva-
tions for a fourth generation of quarks can be found in
Refs. [1, 2].
This Letter presents a search for a fourth generation
down-type quark, b′. If b′ is chiral and its mass is
larger than mt + mW , then it decays predominantly as
b′ → Wt → WWb. Pair production of b′ quarks leads
therefore to four W bosons and two b quarks in the final
state. This analysis applies more broadly to any heavy
quarks that decay into a W boson and a t quark, though
the fourth-generation b′ model is chosen as the bench-
mark. The previous limit in the single lepton channel is
mb′ > 372 GeV from CDF, based on 4.8 fb
−1 of data [3].
Searches using two or more high pT leptons in the fi-
nal state have also been done at the Tevatron [4] and at
the Large Hadron Collider (LHC) [5–7] with comparable
sensitivity.
In the decay mode studied here, one of the four W
bosons decays leptonically and the others decay hadron-
ically. This lepton + jets channel has more SM back-
ground than the mode with two W bosons decaying lep-
tonically, but significantly larger acceptance. If the mass
difference between the b′ quark and the top quark is large,
the momentum of the W boson from the b′ →Wt decay
is also large, and the W boson decay products become
collimated. At the mass scales relevant to this search,
the two quarks from the hadronic W decay give rise to
two jets close to each other but still resolvable in the
detector as separate jets. The angle between the decay
products is related to the transverse momentum (pT) of
the W boson by ∆R ≈ 2mW /pWT [8]. To distinguish the
b′ signature from the SM backgrounds, the number of jet
pairs with small opening angle and invariant mass close
to the W boson mass is therefore used.
The major challenge for the lepton+jets mode is the
estimation of the SM background. The dominant source
is tt¯ production with additional jets, while W+ jets is the
next most important contribution. The significant theo-
retical uncertainty in the level of gluon radiation affects
the prediction of these backgrounds. As the signal is dis-
tinguished from the background largely by the kinematic
properties of the jets, there also are significant experi-
mental uncertainties due to the energy scale and resolu-
tion of the jet energy measurements. Most of these un-
certainties can be reduced by examining signal-depleted
samples which are sensitive to them. Other backgrounds
include single top, Z+jets where a lepton is not detected,
and multijet production in which a jet is misidentified as
a lepton.
The data for this search were recorded with the ATLAS
detector [9]. The momenta of charged particles with
pseudorapidity |η| < 2.5 are measured with the inner
detector (ID), which includes a silicon pixel detector, a
silicon microstrip detector and a straw-tube detector, all
operating in a uniform 2 T axial magnetic field. Elec-
tromagnetic (EM) calorimetry is provided by a high-
granularity, three-layer-depth sampling liquid argon de-
tector in the region |η| < 3.2. Jet reconstruction also
uses hadronic calorimetry provided by a scintillating tile
detector with iron absorbers in the region |η| < 1.7, and
liquid argon detectors over 1.5 < |η| < 4.9. The muon
spectrometer (MS) includes tracking chambers for preci-
sion measurement in the bending plane up to |η| = 2.7
and fast trigger chambers up to |η| = 2.4. The trigger
chambers measure also the coordinate in the non-bending
plane. The muon detectors operate in a magnetic field
generated by three superconducting air-core toroids.
The events used in this analysis were selected using
inclusive single electron and muon triggers [10]. Elec-
tron candidates are identified by localized energy deposits
in the EM calorimeter with transverse energy ET > 20
GeV and |η| < 2.47. The energy cluster must satisfy
shower-shape requirements [11] and should be matched
with a track reconstructed in the ID. Muon candidates
must have transverse momentum pT > 18 GeV, |η| < 2.4
and a consistent trajectory reconstructed by combining
segments in the ID and MS.
The data used in this search were collected in the first
half of 2011, and correspond to a total integrated lu-
minosity of 1.04 ± 0.04 fb−1. During this period, the
average number of collisions per bunch crossing was six.
The event reconstruction is affected by collisions during
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2the same bunch crossing as the selected event (in-time
pileup) and, to a lesser extent, collisions during adjacent
bunch crossings, within the time the detectors are sensi-
tive for each trigger (out-of-time pileup). The simulation
takes both kinds of pileup into account.
The signal and SM backgrounds are modeled using a
variety of generators. Pair-production of b′ quarks decay-
ing to Wt with subsequent showering and hadronization
is generated with pythia [12] using the MRST2007 LO*
parton distribution function (PDF) set [13]. Seven sam-
ples with mb′ masses ranging from 300 to 600 GeV are
used. The cross section for each b′ mass is calculated at
approximate next-to-next-to-leading order (NNLO) us-
ing Hathor [14]. For a b′ quark with a mass of 350 GeV,
the cross section is 3.20+0.10−0.19
+0.12
−0.12 pb, where the first un-
certainty comes from varying the renormalization and
factorization scales by a factor of two, and the second
one from the PDFs. For a 500 GeV b′ quark, the cross
section is 0.33+0.01−0.02
+0.01
−0.01 pb.
Top quark pair production is modeled using alpgen
[15] where hard emission of up to three partons is de-
scribed using QCD matrix elements, herwig [16] is used
to model the parton shower, and jimmy [17] describes
multiple parton interactions. The rate of top quark pro-
duction predicted by the simulation is validated with
data using an event sample with three, four or five jets,
where little or no b′ signal is expected.
Production of a W or Z boson in association with
many jets is described in alpgen with hard parton emis-
sion of up to five partons and herwig for the parton
shower. The W+jets background is normalized using a
data-driven method which fits templates from simulated
events to a data sample dominated by W decays [18].
The Z+jets background is normalized to a NNLO calcu-
lation [19].
Other processes considered are the production of di-
bosons (WW,WZ,ZZ), modeled with alpgen and her-
wig and normalized to next-to-leading-order (NLO) cal-
culations [20]; single top, modeled with mc@nlo [21] and
herwig; and tt¯W, tt¯Z, tt¯WW, tt¯Wj, tt¯Zj, and WWjj, all
modeled with madgraph [22] and pythia.
The multijet background is strongly suppressed by the
requirements described below. The residual contribution
is estimated using a data-driven technique called the ma-
trix method, described in detail in Ref. [23]. Validation
of this background estimate is done by reversing these
requirements to enhance the multijet contribution.
Electrons, jets, muons, and missing transverse momen-
tum are used to select events for this search. Electrons
are required to have ET > 25 GeV and be within the
pseudorapidity range |η| < 2.47, excluding the barrel-
endcap transition region 1.37 < |η| < 1.52. Electrons
must pass tight identification requirements [11] and also
satisfy calorimeter isolation: the energy not associated to
the electron cluster inside a cone of size ∆R = 0.2 around
the electron direction must be smaller than 3.5 GeV af-
ter the correction for the contributions from interactions
additional to the hard process.
Jets are reconstructed from topological calorimeter
clusters using the anti-kt algorithm [24] with radius
parameter 0.4. These jets are then calibrated to the
hadronic energy scale using pT- and η-dependent correc-
tion factors obtained from simulation and validated with
collision data [25]. For this analysis, jets are required
to satisfy pT > 25 GeV and |η| < 2.5. The closest jet
within an η-φ cone of 0.2 around an electron candidate
is removed.
Muon candidates must satisfy pT > 20 GeV and
|η| < 2.5 and pass tight identification requirements [23].
Muons must also satisfy calorimeter isolation, which re-
quires that the energy, excluding the estimated energy
deposited by the muon, is smaller than 4 GeV in a cone
of size ∆R = 0.3 around the muon direction, and track
isolation, which requires that the summed momentum of
all tracks excluding the muon track is smaller than 4 GeV
in a cone of size ∆R = 0.3. Finally, all muons within a
cone of size ∆R = 0.4 around any jet with pT > 20 GeV
are removed.
The missing transverse momentum (EmissT ) is con-
structed from the vector sum of topological calorimeter
energy deposits and muon momenta, projected onto the
transverse plane [26].
If each b′ quark decays to a top quark and a W boson,
the resulting final state is tt¯W+W−. In the lepton + jets
decay channel, the final state contains one lepton, EmissT
from the undetected neutrino, and many jets from the
eight quarks. Exactly one lepton (e or µ) must pass the
selection described above. Since not all jets are expected
to satisfy the momentum and rapidity requirements, at
least six jets are required.
To reduce the multijet background, additional re-
quirements are placed on the EmissT and the transverse
mass of the leptonically decaying W boson, mWT =√
2EmissT p
`
T(1− cos(∆φ(EmissT , p`T))). In the electron
channel, EmissT > 35 GeV and m
W
T > 25 GeV are re-
quired, and in the muon channel, EmissT > 20 GeV and
EmissT +m
W
T > 60 GeV are required. Only events with six
or more jets are considered. For a b′ quark with a mass of
350 GeV, 11.2± 1.7% of signal events are accepted with
this selection. For a b′ quark with a mass of 500 GeV,
13.5± 2.0% of signal events are retained.
At this stage of the selection, pair production of b′
quarks is distinguished mostly by the large number of
energetic jets, as shown in Fig. 1. Events with b′ de-
cays contain jets from three hadronic W decays, while tt¯
background events contain only one hadronic W decay.
To identify these hadronic W decays, pairs of jets sep-
arated by ∆R < 1.0 are examined. This choice of ∆R
selects W bosons with high pT and reduces the combi-
natorial background in events with large jet multiplicity.
The number of reconstructed W bosons (NW ) is defined
as the number of such jet pairs with an invariant mass
in the range 70− 100 GeV. This range is not symmetric
around the W boson mass as additional energy is often
included in the cone. Each jet may contribute to only
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FIG. 1: Jet multiplicity distribution for signal and back-
grounds for events with at least one jet. The shaded SM
backgrounds are stacked on one another, while the b′ signal
histograms are not. In this figure and those following, the
bottom plot shows the relative difference between the SM pre-
diction and the data together with the uncertainty (shaded
band) due to statistics, jet energy scale, and W+jets normal-
ization.
one identified hadronic W decay. In Fig. 2, the invariant
masses of dijet pairs in a control sample of events with
only three to five jets are shown. Good agreement is ob-
served between the data and simulation across the entire
spectrum including the region close to the W boson mass,
where a bump can be seen in the tt¯ simulation.
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FIG. 2: The invariant mass distribution of jet pairs with
∆R < 1.0 for data and simulation in a control sample of
events with exactly three to five jets.
The efficiency of finding a simulated W decay with
both quarks matched to separate reconstructed jets de-
pends on the W boson pT. For simulated tt¯ and b
′ events
passing the selection described above and containing a
W boson with a pT of about 250 GeV the two jets from
TABLE I: Systematic uncertainties in the predicted total
background in the signal region. Some of the uncertain-
ties have been constrained in background-dominated regions,
‘profiled’ as described in the text. Smaller systematic un-
certainties, such as those related to lepton identification and
theory, and small uncertainties on the rate, are not profiled
and are not included here. For the profiled systematics, the
uncertainty before profiling is given in parentheses.
Uncertainty on Background
Profiled Uncertainties
W+jets Normalization ±5% (±16%)
ISR/FSR ±12% (±17%)
Jet Energy Resolution ±3% (±6%)
Jet Reconstruction Efficiency ±2% (±3%)
Not-profiled Uncertainties
Jet Energy Scale ±31%
tt¯ Simulation Generator ±6%
tt¯ Showering Model ±3%
the W boson are found approximately 80% of the time.
Once both jets are found, the efficiency that the jets have
∆R < 1.0 and a dijet mass within the specified invari-
ant mass range is approximately 70%, as can be seen in
Fig. 3.
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FIG. 3: The efficiency for jet pairs from a simulated W boson
decay to have ∆R < 1.0 and a dijet mass within 70 − 100
GeV, for simulated tt¯ and signal events. Events are required
to have exactly six jets.
To further distinguish the potential b′ signal from the
backgrounds, nine exclusive bins are examined, defined
as a function of the multiplicity of hadronic W decays
(NW = 0, 1,≥ 2) and jet multiplicity (Njet = 6, 7,≥ 8).
The agreement between data and simulation for the
description of the number of jets is validated in events
with a scalar sum (HT) of transverse energies of jets and
leptons less than 400 GeV and no reconstructed hadronic
W decays, to suppress potential b′ contributions.
Table I shows the major sources of systematic uncer-
tainty. The main contributions to uncertainty in the
4modeling of the backgrounds and b′ signal come from
the jet energy scale and the level of initial and final state
radiation (ISR/FSR) in the top quark pair background.
The jet energy scale uncertainty is extracted from di-
jet events and validated with γ+jet events as discussed
in Ref. [25], with an additional uncertainty due to in-
time pileup. The amounts of simulated ISR and FSR
are varied according to their uncertainties for both back-
ground and signal events. Jet reconstruction efficiency
and jet energy resolution lead to smaller uncertainties in
the predicted background.
For the largest background source, tt¯ with additional
jets, uncertainties in the description of the parton shower
and fragmentation model are estimated by comparing
predictions of powheg [27] with pythia to powheg
with herwig. Uncertainties in the modeling of the pro-
duction and decay of the top quark are estimated by com-
paring the predictions from powheg with herwig and
alpgen.
TheW+jets normalization uncertainty is 4%, plus 24%
per jet added in quadrature [18]. The uncertainties in
lepton reconstruction efficiency and energy scale are de-
rived in dilepton samples dominated by Z → `` decays
and applied to the simulated background and signal sam-
ples.
The systematic uncertainties are treated as correlated
between signal and background, and between electron
and muon channels, except where they are specific to the
background model (e.g. W+jets normalization) or to a
channel (e.g. electron or muon efficiencies).
To extract the most likely value of the b′b¯′ cross sec-
tion in the nine bins of (NW , Njet) multiplicity, a binned
maximum likelihood fit using a profile likelihood ratio is
performed, varying each background rate within its un-
certainty, and allowing shape and rate variation due to
the systematic uncertainties described above. The signal
and background rates are fitted simultaneously.
Events in the final selection which have low hadronic
W boson or jet multiplicity (NW < 2 and Njet < 8) are
dominated by background processes and serve to con-
strain some of the systematic uncertainties. The likeli-
hood is maximized with respect to the variation due to
the systematic uncertainties. This procedure serves to
reduce some of the systematic uncertainties, those listed
as ’profiled’ in Table I.
The expected background and signal contributions, as
well as the observed numbers of events in the data, are
shown in Fig. 4 and given in Table II for the nine bins
of jet and hadronic W -boson multiplicity. No evidence
for the production of b′ quarks is observed. The CLs
method [28] is used to set 95% confidence level (C.L.)
cross section upper limits for the pair production of
fourth generation quarks, b′. The median expected up-
per limit is extracted in the background-only hypothe-
sis. The results are shown in Fig. 5 as a function of
the b′ mass. Systematic uncertainties are taken into ac-
count and it is assumed that the branching ratio (BR)
for b′ → Wt is 100 %. These cross section limits are
TABLE II: Expected and observed number of events in
each bin of jet and hadronic W decay multiplicity. Esti-
mates for two signal samples with different b′ masses are also
shown. The contributions from different background sources
are shown in Fig. 4.
Expected Observed b′ 350 b′ 500
Njet NW background events GeV GeV
6 0 2060+850−750 1839 80 5
6 1 410+104−150 410 47 8
6 ≥ 2 28+10−16 32 7 2
7 0 570+320−230 521 60 4
7 1 166+49−68 142 46 7
7 ≥ 2 17.9+6.6−6.8 21 11 3
≥ 8 0 170+180−70 173 56 3
≥ 8 1 69+33−27 57 50 8
≥ 8 ≥ 2 12.1+8.6−5.2 11 22 6
interpreted as limits on the b′ mass by finding the in-
tersection of the limit curves with the theoretical cross
section curve. Uncertainty in the theoretical cross sec-
tion includes renormalization and factorization scale and
PDF uncertainties calculated with Hathor [14].
Masses below 480 GeV are excluded at the 95% con-
fidence level, while the expected limit is mb′ > 470
GeV. For a particle with a mass of 480 GeV, the ex-
pected exclusion limit on the pair production cross sec-
tion is σ < 0.54+0.45−0.22 pb, while the observed exclusion is
σ < 0.47 pb.
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FIG. 4: Distribution of the numbers of events observed
in the data and expected from SM processes for jet mul-
tiplicity Njets = 6, 7, ≥ 8 with hadronic W multiplicity
NW = 0, 1,≥ 2. The expected b’ signals for two masses are
also shown, stacked on top of the backgrounds.
In conclusion, a search for pair production of heavy
down-type quarks decaying via b′ → Wt in the lepton
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FIG. 5: Expected and observed cross section exclusion upper
limits at 95% C.L. for a fourth-generation b′ quark. System-
atic uncertainties on the expected limit are shown with shaded
bands. Previously published limits from CDF [3, 4], CMS [5],
and ATLAS [7] are also shown.
+ jets channel has been performed using 1.04 fb−1 of√
s = 7 TeV pp collision data recorded with the ATLAS
detector, selecting events based on the number of jets
and hadronic W decays. A heavy down-type quark with
mass less than 480 GeV is excluded at the 95% confidence
level, improving significantly on previous limits.
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